Edited* by Philippa Marrack, Howard Hughes Medical Institute, National Jewish Health, Denver, CO, and approved June 6, 2011 (received for review July 22, 2010) The generation of reactive oxygen species (ROS) is inherent to immune responses. ROS are crucially involved in host defense against pathogens by promoting bacterial killing, but also as signaling agents coordinating the production of cytokines. Transient Receptor Potential Melastatin 2 (TRPM2) is a Ca 2+ -permeable channel gated via binding of ADP-ribose, a metabolite formed under conditions of cellular exposure to ROS. Here, we show that TRPM2-deficient mice are extremely susceptible to infection with Listeria monocytogenes (Lm), exhibiting an inefficient innate immune response. In a comparison with IFNγR-deficient mice, TRPM2 −/− mice shared similar features of uncontrolled bacterial replication and reduced levels of inducible (i)NOS-expressing monocytes, but had intact IFNγ responsiveness. In contrast, we found that levels of cytokines IL-12 and IFNγ were diminished in TRPM2 −/− mice following Lm infection, which correlated with their reduced innate activation. Moreover, TRPM2
−/− mice displayed a higher degree of susceptibility than IL-12-unresponsive mice, and supplementation with recombinant IFNγ was sufficient to reverse the unrestrained bacterial growth and ultimately the lethal phenotype of Lminfected TRPM2 −/− mice. The severity of listeriosis we observed in TRPM2 −/− mice has not been reported for any other ion channel. These findings establish an unsuspected role for ADP-ribose and ROS-mediated cation flux for innate immunity, opening up unique possibilities for immunomodulatory intervention through TRPM2.
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−/− | NAD | pathogen-associated molecular pattern | NF-κB B eyond their role as bacterial killing agents, reactive oxygen species (ROS) generated during immune responses have more recently been recognized for their crucial role in signaling (1, 2) . Multiple studies have highlighted the role of ROS in mediating the production of proinflammatory cytokines, often requiring the activation of the redox-sensitive transcription factor NF-κB (3, 4) .
The ion channel TRPM2 (Transient Receptor Potential Melastatin 2) is the unique fusion of a Ca 2+ -permeable nonselective cationic pore to an enzymatic region with residual ADP-ribose (ADPR)-hydrolase activity. TRPM2 channels are opened by direct binding of intracellular ADPR (5, 6) and are also activated indirectly under conditions of oxidative stress (7), a process shown to be dependent upon intracellular formation of ADPR (8) . Gene expression studies and measurements of ADPR-activated, TRPM2-like currents have demonstrated the presence of TRPM2 channels in cells of the monocytic lineage and neutrophils (5, 6, 9 ). TRPM2's sensitivity toward oxidants, acidification (10, 11) , and elevated intracellular Ca 2+ (12) combined with its expression profile suggested that it might be important for inflammatory processes.
TRPM2 knockdown in U937 human monocytes has shown a deficiency in H 2 O 2 -mediated Ca 2+ influx and diminished activation of NF-κB-mediated transcription of the chemokine CXCL8 (13) . In that same study, TRPM2 −/− mice had greatly reduced CXCL2 (homolog of hCXCL8) production by monocytes, with a resultant reduction of neutrophilic infiltration and ulceration of the colon in a colitis mouse model (13) . Furthermore, TRPM2 expression and currents were shown to be increased upon exposure of human monocytes to LPS, and knockdown of TRPM2 in human THP1 monocytes impaired LPS-induced production of several cytokines, including TNFα, IL-6, IL-8, and IL-10 (14). However, whether TRPM2 is necessary for cytokine production during a systemic immune response has not been demonstrated.
The bacterial pathogen Listeria monocytogenes (Lm) is widely used as a model of systemic infection in mice requiring both innate and adaptive immunity. Lm rapidly invades resident macrophages and nonphagocytic cells where recognition receptors of the Toll-like receptor and nucleotide oligomerization domain (Nod)-like receptor (TLR/NLR) families sense microbial components (15) , resulting in the production of cytokines such as TNFα, IL-12, and IL-18. These cytokines act synergistically to promote IFNγ production by natural killer (NK), natural killer T (NKT), and CD8 + T cells, which transactivates bactericidal pathways in macrophages and neutrophils (16, 17) critical for restraining bacterial growth until adaptive immunity is generated. The contributions of ROS and Ca 2+ channels during this innate immune response are not well understood.
As there is mounting evidence that TRPM2 may be involved in immune functions, we sought to investigate its role in fighting an infection in vivo. We found that TRPM2-deficient mice are highly susceptible to Lm infection, exhibiting impaired inflammatory cytokine production and uncontrolled bacterial growth. The severity of infection in TRPM2 −/− mice was found to be greater than IL-12Rβ2 −/− mice, similar to IFNγR −/− mice, and reversed by rIFNγ treatment. The only other ion channel currently known to be important for antibacterial defense is TRPV2, also a member of the TRP family of proteins (18) . Notably, TRPV2
−/− mice require a 1,000-fold higher Lm dose to exhibit lethality comparable to TRPM2 −/− mice, further underscoring the unique and crucial function fulfilled by TRPM2 channels in combating Listeria infections as demonstrated in the present study. were infected i.v. with a sublethal dose of Lm in parallel with IFNγR −/− mice as a control strain exhibiting an elevated susceptibility to Lm. Whereas BL6 control mice survived a dose of 5.5 × 10 3 cfu and showed no outward signs of illness (Fig. 1A) , 75% of TRPM2 −/− mice rapidly succumbed to Lm infection, with a median survival time of 3.5 d, and it was fatal for 100% of IFNγR −/− mice (median survival time = 4 d) as previously reported (19) . The death of TRPM2 −/− mice beginning at 2.5 d postinfection (dpi), a time at which the specific immune response has not been established, indicated a severe defect in innate immunity and in the control of bacterial replication. To verify this conclusion, we infected TRPM2 −/− mice and compared the bacterial burden in the liver and spleen 48 h postinfection (hpi) with that of BL6 and IFNγR −/− mice (Fig. 1B) . The bacterial burden in the livers of TRPM2 −/− mice was much higher than that of BL6 animals (P < 0.01) and even greater than that of IFNγR −/− mice, whereas the degree of expansion of Lm in the spleens of TRPM2 −/− and IFNγR −/− mice was similar. Histopathology of the liver corroborated that Lm infection in TRPM2 −/− mice appears grossly similar to IFNγR −/− mice, revealing a significant number of inflammatory abscesses (intense purple areas = dense cellular infiltrates) with an apparent parenchyma destruction and necrosis in perivascular regions, which was greatly increased from BL6 sections (Fig. 1C) .
Results

TRPM2
A recent report demonstrated that TRPM2 mediates CXCL2 production necessary for neutrophil infiltration in a colitis model (13) . Because CXCL2 is necessary for neutrophil recruitment in listeriosis, we tested whether TRPM2 −/− mice had a similar dysregulation of cxcl2 expression and neutrophil trafficking in response to Lm. Thus, splenocytes were obtained from naïve or Lminfected mice and the relative abundance of transcripts determined using quantitative RT-PCR. cxcl2 expression was induced similarly in TRPM2
−/− and BL6-infected splenocytes 24 hpi, and more so in IFNγR −/− mice (Fig. 1D ). In addition, neutrophil numbers assessed by flow cytometry were increased in the spleen in response to Lm infection in all strains ( Fig. 1E ) as was also seen by nuclear morphology of the H&E stained liver (Fig. 1C) . Finally, neutrophils enriched from bone marrow of TRPM2 −/− mice were infected in vitro with Lm, and the results show their intrinsic ability to kill Lm is comparable with BL6 neutrophils (Fig. S2A ). These data suggest that the absence of functional TRPM2 channels does not prohibit Lm infection from inducing cxcl2 transcripts and the recruitment of functional neutrophils to the site of inflammation.
Because macrophages are central to the control of Lm replication by inhibiting vacuole escape and cell-to-cell spread of the bacterium through mechanisms initiated by IFNγ (19), we hypothesized that unrestricted growth of Lm in the TRPM2 −/− mouse might be due to dysfunctional macrophage activation in vivo. To test this hypothesis, we analyzed the intracellular expression of iNOS in splenic monocytes by flow cytometry and measured an eightfold up-regulation in response to Lm infection of BL6 mice 2 dpi (Fig. 1F ). In contrast, we observed a consistent 50% reduction in the frequency and number of iNOS + Ly6G low / CD11b + cells in the TRPM2 −/− spleens compared with control mice (P < 0.01), albeit not as severe as the 80% reduction observed in the IFNγR −/− mouse, and no difference in total frequency of monocytes recruited between groups was seen ( respond to IFNγ, we examined several parameters in vitro using bone marrow-derived macrophages (BMDMs) and found that cultured TRPM2 −/− BMDMs have functional IFNγR, TLR4, and TNFα signaling, normal iNOS expression, and intracellular Lm killing ability (Fig. S2 B-D) . Together these data show that TRPM2 −/− mice exhibit a significant monocyte/macrophage activation defect in response to Lm infection in vivo, which likely is occurring upstream of the IFNγ receptor.
−/− Mice Have Diminished Lm-Induced Cytokine Production.
Survival to Lm infection and the transactivation of macrophage bactericidal activity occurs by an early antigen-independent production of IFNγ from NK cells and CD8 + T cells, a process dependent on IL-12 production (20, 21). Therefore, it was possible that cytokines leading to macrophage activation were not being produced in the TRPM2 −/− mouse. To test this hypothesis, we first quantified the level of IFNγ in the serum following infection and consistently observed a 50% reduction of systemic IFNγ in TRPM2 −/− mice compared with controls at 24 (P < 0.001) and 48 hpi, with only a 35% reduction at 72 hpi when serum IFNγ was waning ( Fig. 2A) . IL-12p70 and IL-12p40 were also found to be diminished ∼30% in the serum of TRPM2 −/− mice following infection, a significant difference in IL-12p40 at 24 hpi ( Fig. 2 B and  C) . However, not all inflammatory cytokines were reduced in the serum of TRPM2 −/− -infected mice; IL-6 production was normally elevated in TRPM2 −/− animals ( Fig. 2D ). To identify the source of the reduced IFNγ and IL-12 in vivo, we examined intracellular cytokine staining of lymphocytes and conventional dendritic cells (cDCs) in the spleens of infected animals (gating illustrated in Fig. S3 A, B (Fig. 2E ). All three strains expressed similar levels of intracellular IFNγ on a per-cell basis, indicating they were not incapable of expressing IFNγ (Fig. 2F) . Indeed, TRPM2
−/− naïve lymphocytes up-regulated IFNγ similarly to BL6 lymphocytes when stimulated by IL-12 and IL-18 in vitro (Fig. S3 C-E), demonstrating that intrinsic IFNγ production is independent of TRPM2. We next aimed to determine whether cDCs or macrophages were responding normally to Lm infection and consistently observed a fourfold increase in the frequency of IL-12 expressing CD8 + (but not CD11b + ) cDCs in infected BL6 mice (Fig. 2G) , similar to previous reports (22) . Importantly, we identified a 20-25% reduction in the frequency (but not mean fluorescent intensity, MFI) of IL-12 expressing TRPM2 −/− CD8 + cDCs in response to infection (Fig. 2 G and H) . In contrast, we were unable to detect significant levels or changes in intracellular IL-12 from macrophages of infected animals; however, when we stimulated BMDMs in vitro, these cells were capable of secreting IL-12p40 (Fig. S3H) . Finally, when infected splenocytes were restimulated ex vivo with heat-killed (HK)Lm, TRPM2 −/− cells demonstrated a striking inability to secrete IFNγ or IL-12p40 (Fig.  2G) but normal IL-6 (Fig. 2H) . Collectively, these data suggest that during a complex Lm infection, TRPM2 plays an important role in the production of the early inflammatory cytokine IL-12 from CD8 + cDCs (and potentially other innate populations) necessary to initiate IFNγ-mediated innate immunity.
IL-12 Is Indispensable for Low-Dose Infection of TRPM2
−/− Mice. Although IFNγ responsiveness is required for resistance to Lm infection at very low doses (19) , the major IFNγ-inducing cytokine, IL-12p70, has been shown to be dispensable for immunity to doses ≤2 × 10 3 cfu (23). Because TRPM2 −/− mice exhibited a reduced (but not absent) production of inflammatory cytokines and monocyte activation, we sought to determine whether there were sufficient innate mechanisms to survive doses of Lm infection where IL-12p70 is dispensable. For this evaluation, TRPM2
−/− mice were infected with ≤2 × 10 3 cfu of Lm in parallel with BL6 and IFNγR −/− mice (Fig. 3A) . As expected, IFNγR −/− mice succumbed to this lower-dose Lm infection (4.75 d, P < 0.0001), albeit with slightly delayed kinetics. In contrast, TRPM2 −/− mice faired well, with only 10% of infected mice succumbing to listeriosis compared with the 100% mortality seen at three times this amount (Fig. 1A) . On the basis of these results, we wanted to directly compare the apparent dispensability of TRPM2 to low-dose infection with that of IL-12Rβ2 −/− mice (24), which lack responsiveness to IL-12 but not IL-23 (25) . When mice were infected with 3 × 10 3 cfu, 100% mortality was observed in TRPM2 −/− mice, with median survival times (3.5 d, P < 0.0001) exactly matching IFNγR −/− mice (Fig. 3B) . In striking contrast, IL-12Rβ2 −/− mice completely resisted Lm infection at this dose, confirming that IL-12p70-independent mechanisms of IFNγ production exist to initiate innate immunity sufficiently to overcome low-dose infection (23) .
To better understand this "all-or-nothing" switch in sensitivity of TRPM2 −/− mice to these low doses, we aimed to deplete endogenous IL-12 in TRPM2 −/− mice and monitor susceptibility at a dose where they would normally survive. For this experiment, 1.5 mg of neutralizing IL-12p40 or isotype control mAb was injected into mice 3 h before infection with 1 × 10 3 cfu of Lm, and survival was monitored. As expected, BL6 and TRPM2 −/− isotype antibodytreated mice survived this low-dose infection (Fig. 3C) . Importantly, TRPM2
−/− mice treated with anti-IL-12p40 antibody displayed incomplete resistance with 40% mortality within 4 d of infection to the 1 × 10 3 cfu dose, contrasting the complete survival of BL6 mice depleted of IL-12p40. Thus, unlike IL-12p35 −/− mice (23) and IL-12Rβ2 −/− mice (Fig. 3B) , IL-12 becomes essential for survival to low-dose Lm infection in the absence of TRPM2 (Fig.  3C) . These results place the susceptibility of TRPM2 −/− mice between that of IFNγ and IL-12-unresponsive animals and further suggest that TRPM2 −/− mice have additional defects in IL-12-independent antilisterial pathways.
Recombinant IFNγ Treatment Is Sufficient to Reverse TRPM2
−/− Susceptibility to High-Dose Lm Infection. Beyond IL-12, TNFα and IL-18 are important costimulators of IFNγ production (21, 26, 27 ), but they also provide IFNγ-independent protection against listeriosis (28, 29) . Because TRPM2 −/− mice depleted of endogenous IL-12p40 were more susceptible to Lm infection than IL-12Rβ2 −/− mice, it is possible that IFNγ-independent pathways are modulated by TRPM2, contributing to the Lm sensitivity. To address this question, we injected recombinant mouse IFNγ (rIFNγ) before Lm infection to determine whether we could ameliorate the bacterial burden observed in TRPM2 −/− mice during a higher sublethal infection (6 × 10 3 Lm) (Fig. 4 A  and B) . When bacterial burden was measured at 48 and 72 hpi, we observed the typical uncontrolled Lm growth in the liver and spleen of PBS-treated TRPM2 −/− mice, approaching values observed in moribund mice by 72 hpi (10 9 cfu). At 48 hpi, rIFNγ treatment provided a slight but consistent improvement for both groups, although the result was not significant (Fig. 4A) . However, at 72 hpi the response to rIFNγ treatment was significant for both TRPM2
−/− and BL6 animals (P < 0.05) with TRPM2 −/− mice exhibiting a dramatic 600-fold recovery in cfu burden in the liver versus the modest 17-fold improvement for BL6 mice (Fig.  4B) . rIFNγ treatment also activated control mechanisms for Lm growth in the spleen of TRPM2 −/− mice, albeit the benefit was comparable with that seen in BL6 mice (∼35-fold for both groups) (Fig. 4B) . Because bacterial colonization is particularly severe in the liver of TRPM2 −/− mice, as illustrated by the hepatic damage observed by histology (Fig. 1C) , we examined whether rIFNγ treatment had an effect on hepatocyte survival by measuring serum alanine aminotransferase (ALT) as an indicator of liver damage. In response to Lm infection, TRPM2
−/− mice exhibit increasing amounts of ALT in the serum over time, whereas BL6 mice showed no systemic signs of liver damage (Fig. 4C) . In contrast, ALT levels in rIFNγ-treated TRPM2 −/− mice were reduced to concentrations similar to BL6 mice at 72 hpi, indicating that TRPM2 −/− liver damage was reversed by administration of rIFNγ (Fig. 4C) . Finally, when we analyzed the effect of rIFNγ supplementation on the overall survival of TRPM2
−/− mice, we found that indeed, most TRPM2
−/− mice having received rIFNγ were now resistant to this higher-dose infection (Fig. 4D) . Because rIFNγ was sufficient to rescue TRPM2 −/− mice, these data suggest that TRPM2 is not crucial for IFNγ-independent pathways of protection against Lm infection.
Discussion
We show here that the TRPM2 ion channel is critical for innate immunity in response to Lm infection. Efficient Lm-induced IL-12 and IFNγ production, resultant macrophage transactivation, and control of bacterial replication are dependent on functional TRPM2 channels. Most significantly, TRPM2
−/− mice are more susceptible to Lm than IL-12-unresponsive animals (IL-12Rβ2
), succumb to listeriosis similarly to mice deficient in IFNγR when the input dose is >2 × 10 3 cfu, and morbidity and mortality of TRPM2 −/− mice can be completely reversed by administering recombinant IFNγ. Importantly, we found that the recruitment of Lm for 48 h were cultured as in G. Bars represent mean ± SEM and are representative of three separate experiments. *P < 0.05, **P < 0.01, ***P < 0.001. neutrophils and monocytes does not appear to require TRPM2 during Lm infection, in contrast to a previous report in a chemical injury model where TRPM2 is involved in chemokine production and required for neutrophil influx to the colon (13) . Instead, the present data unveil TRPM2 −/− mice as the ion channel-deficient model with the highest susceptibility to listeriosis, identifying TRPM2 as an essential ion entry pathway required for adequate inflammatory cytokine production in response to intracellular bacterial infection.
Regulated production of cytokines is absolutely essential for an efficacious immune response to infection, involving multiple pathogen recognition signaling pathways and an organized sequence of cellular activation. The diminished but not absent production of IL-12 and IFNγ in TRPM2 −/− mice is reminiscent of the reduced bacteria-induced cytokine response of mice deficient in TLR2 (16), Rip-2 (30), and MyD88 (31) (32) (33) , suggesting that TRPM2 ion-conducting activity may contribute to similar pathogen-associated pattern recognition signaling pathways. In fact, Ca 2+ is a universal second messenger necessary for many signaling pathways including TLRs, which potently induce IL-12 and TNFα in macrophages and dendritic cells (34) . Additionally, cytosolic localization of Lm is a prerequisite for TLR2-independent IL-12 and TNFα induction (31) , as well as early IFNγ production from CD8 + T cells (20) , highlighting the importance of NLRs for initiating cytokine production in this infection model. Finally, the redistribution of Lm within the microarchitecture of infected tissues such as the spleen (35, 36) and the spatial and hierarchical coordination of cells and inflammatory cytokine production by DCs (37) suggest that the innate immune response and inflammatory cytokine production is more complex than the linear model of TLR-or NLR-signaling cascades within a single cell type.
However, given that TLR and NLR bacterial recognition pathways use the transcription factor NF-κB to initiate proinflammatory cytokine production (38, 39) , and NF-κB activity is enhanced by Ca 2+ (40, 41) , TRPM2 may participate in signaling pathways leading to NF-κB-dependent gene expression. This notion is supported by the defective clearance of Lm in mice deficient in NF-κB (42) , the importance of TRPM2 for LPS-induced TNFα production in human monocytes (14) , as well as the attenuated NF-κB activation and reduced IL-12 and IFNγ expression during chemically induced colitis using a different TRPM2 −/− mouse strain (13) . It is noteworthy that although it has been shown in the murine DSS colitis model that IL-6 production is mediated by NF-κB (p65) in the colon (43), DSS-treated TRPM2 −/− mice show no alterations in IL-6 levels (13). We similarly found IL-6 levels to be equivalent in TRPM2 −/− and wild-type mice following Lm infection, suggesting that TRPM2's involvement may not uniformly impact NF-κB-dependent cytokine production. Additionally, our characterization of systemic cytokine levels in the serum correlated with intracellular staining of key cells involved in anti-Listeria defense in vivo, but were disparate compared with in vitro responses. We interpret this systemic cytokine profile and overall survival to infection as a reflection of the summation of TRPM2-dependent and -independent pathways, as well as differential expression of functional TRPM2 channels in various tissues and cell types. Moreover, the metabolic capabilities of a particular environment to produce ADPR will ultimately determine the extent of TRPM2's activation and involvement, particularly in response to oxidant exposure (6, 8) where activation of the redox-sensitive NF-κB transcription factor occurs (44) . Thus, in vitro studies may be limited in their ability to recapitulate the required factors for TRPM2-activated ion conductance and function during an immune response, whereas dissection of delicately balanced signaling events during a systemic in vivo infection comes with its own set of weaknesses.
The causality of the extreme susceptibility of TRPM2 −/− mice to listeriosis presented here appears to be multilayered and only partially explained by the reduced IL-12 and IFNγ production in vivo. Mice deficient in the common cytokine receptor γ-chain (γc −/− ) also have very low levels of IFNγ (due to the absence of NK cells), but better control of bacterial replication during the innate stage (45) , as do TLR2 −/− mice (16). IL-12 has been shown to be dispensable to low-dose infections (23), which we have confirmed, except when TRPM2 is missing. Thus, IL-12-independent mechanisms that would normally compensate for IL-12 deficiency, such as TNFα or IL-18, are also affected in TRPM2 −/− mice. Indeed, it has been reported elsewhere that TRPM2 contributes to LPSinduced TNFα production in human monocytes (14) and such a TNFα deficiency would contribute to the elevated susceptibility in TRPM2
−/− mice. However, because recombinant IFNγ can reverse the effects of depleting IL-12, but not TNFα (29), we used a similar experimental design to address this possibility. Our result that rIFNγ completely reversed the Lm susceptibility caused by TRPM2 deficiency therefore indicates that TNFα production is not abrogated in TRPM2 −/− mice, although we cannot exclude that TNFα levels might be diminished. As previously reported, TNFα is extremely difficult to capture in the serum of Lm-infected mice (46), and we were unable to measure TNFα serum levels using commercial ELISAs. Future studies will thus need to answer this question by assessing TNFα concentrations locally in relevant organs such as spleen and liver. The uniqueness of TRPM2-mediated ion fluxes resides in their activation in response to the accumulation of the NAD metabolite ADPR. Therefore, TRPM2 is expected to only participate in biological processes downstream of events resulting in ADPR production, such as situations of oxidative stress encountered during immune responses. In sum, our results suggest that the TRPM2 ion channel and its gating molecule ADPR are previously unsuspected players necessary for robust cytokine production and innate cell activation during intracellular bacterial infection. These findings highlight the potential of the metabolic manipulation of ADPR levels or other modes of TRPM2 modulation as unexplored and promising immunomodulatory strategies.
Materials and Methods
Mice. C57BL/6J (BL6) were obtained from The Jackson Laboratory. IFNγR1 −/− mice were kindly provided by Dr. P. Marrack (National Jewish Health, Denver, CO), and IL-12Rβ2 −/− mice were a gift from Dr. R. Kedl (University of Colorado, Denver, CO). All mice were housed under pathogen-free conditions at the National Jewish Health Biological Resource Center. Mice matched for sex and age (6-12 wk) were used for all experiments, which were approved by the institutional animal care and use committee. All studies were conducted after review by the GlaxoSmithKline (GSK) Institutional Animal Care and Use Committee and in accordance with the GSK Policy on the Care, Welfare and Treatment of Laboratory Animals.
Additional Methods. Detailed experimental protocols are provided in SI Materials and Methods.
